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The finite-temperature transport properties of FeRh compounds are investigated by first-principles
Density Functional Theory-based calculations. The focus is on the behavior of the longitudinal re-
sistivity with rising temperature, which exhibits an abrupt decrease at the metamagnetic transition
point, T = Tm between ferro- and antiferromagnetic phases. A detailed electronic structure inves-
tigation for T ≥ 0 K explains this feature and demonstrates the important role of (i) the difference
of the electronic structure at the Fermi level between the two magnetically ordered states and (ii)
the different degree of thermally induced magnetic disorder in the vicinity of Tm, giving different
contributions to the resistivity. To support these conclusions, we also describe the temperature
dependence of the spin-orbit induced anomalous Hall resistivity and Gilbert damping parameter.
For the various response quantities considered the impact of thermal lattice vibrations and spin fluc-
tuations on their temperature dependence is investigated in detail. Comparison with corresponding
experimental data finds in general a very good agreement.
PACS numbers: Valid PACS appear here
For a long time the ordered equiatomic FeRh alloy has
attracted much attention owing to its intriguing temper-
ature dependent magnetic and magnetotransport prop-
erties. The crux of these features of this CsCl-structured
material is the first order transition from an antiferro-
magnetic (AFM) to ferromagnetic (FM) state when the
temperature is increased above Tm = 320 K [1, 2]. In
this context the drop of the electrical resistivity that is
observed across the metamagnetic transition is of central
interest. Furthermore, if the AFM to FM transition is
induced by an applied magnetic field, a pronounced mag-
netoresistance (MR) effect is found experimentally with
a measured MR ratio ∼ 50% at room temperature [2–
4]. The temperature of the metamagnetic transition as
well as the MR ratio can be tuned by addition of small
amounts of impurities [2, 5–8]. These properties make
FeRh-based materials very attractive for future applica-
tions in data storage devices. The origin of the large MR
effect in FeRh, however, is still under debate. Suzuki et
al. [9] suggest that, for deposited thin FeRh films, the
main mechanism stems from the spin-dependent scatter-
ing of conducting electrons on localized magnetic mo-
ments associated with partially occupied electronic d-
states [10] at grain boundaries. Kobayashi et al. [11]
have also discussed the MR effect in the bulk ordered
FeRh system attributing its origin to the modification of
the Fermi surface across the metamagnetic transition. So
far only one theoretical investigation of the MR effect in
FeRh has been carried out on an ab-initio level [12].
The present study is based on spin-polarized, electronic
structure calculations using the fully relativistic multiple
scattering KKR (Korringa-Kohn-Rostoker) Green func-
tion method [13–15]. This approach allowed to calcu-
late the transport properties of FeRh at finite tempera-
tures on the basis of the linear response formalism using
the Kubo-Strˇeda expression for the conductivity tensor
[16, 17]
σµν =
~
4piNΩ
Trace
〈
jˆµ(G
+(EF )−G−(EF ))jˆνG−(EF )
−jˆµG+(EF )jˆν(G+(EF )−G−(EF ))
〉
c
,(1)
where Ω is the volume of the unit cell, N is the num-
ber of sites, jˆµ is the relativistic current operator and
G±(EF ) are the electronic retarded and advanced Green
functions, respectively, calculated at the Fermi energy
EF . In Eq. (1) the orbital current term has been omit-
ted as it only provides small corrections to the prevailing
contribution arising from the first term in the case of a
cubic metallic system [18–20].
Here we focus on the finite temperature transport
properties of FeRh. In order to take into account
electron-phonon and electron-magnon scattering effects
in the calculations, the so-called alloy analogy model
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2[21, 22] is used. Within this approach the tempera-
ture induced spin (local moment) and lattice excitations
are treated as localized, slowly varying degrees of free-
dom with temperature dependent amplitudes. Using the
adiabatic approximation in the calculations of transport
properties, and accounting for the random character of
the motions, the evaluation of the thermal average over
the spin and lattice excitations in Eq. (1) is reduced to
a calculation of the configurational average over the lo-
cal lattice distortions and magnetic moment orientations,
〈...〉c, using the recently reported approach [21, 22] which
is based on the coherent potential approximation (CPA)
alloy theory [23–25].
To account for the effect of spin fluctuations, which
we describe in a similar way as is done within the dis-
ordered local moment (DLM) theory [26], the angular
distribution of thermal spin moment fluctuations is cal-
culated using the results of Monte Carlo (MC) simula-
tions. These are based on ab-initio exchange coupling
parameters and reproduce the finite temperature mag-
netic properties for the AFM and FM state in both the
low- (T < Tm) and high-temperature (T > Tm) regions
very well [27]. Figure 1(a), inset, shows the temperature
dependent magnetization, M(T ), for one of the two Fe
sublattices aligned antiparallel/parallel to each other in
the AFM/FM state, calculated across the temperature
region covering both AFM and FM states of the system.
The differing behavior of the magnetic order M(T ) in the
two phases has important consequences for the transport
properties as discussed below.
Figure 1(a) shows the calculated electrical resistiv-
ity as a function of temperature, ρxx(T ), accounting
for the effects of electron scattering from thermal spin
and lattice excitations, and compares it with experi-
mental data. There is clearly a rather good theory-
experiment agreement especially concerning the differ-
ence ρAFMxx (Tm)− ρFMxx (Tm) at the AFM/FM transition,
Tm = 320K. The AFM state’s resistivity increases more
steeply with temperature when compared to that of the
FM state, that has also been calculated for temperatures
below the metamagnetic transition temperature (dotted
line). Note that the experimental measurements have
been performed for a sample with 1% intermixing be-
tween the Rh and Fe sublattices leading to a finite resid-
ual resistivity at T → 0 K, and as a consequence there is
a shift of the experimental ρxx(T ) curve with respect to
the theoretical one [28].
We can separate out the contributions of spin fluctua-
tions and lattice vibrations to the electrical resistivities,
ρflucxx (T ) and ρ
vib
xx (T ), respectively. These two compo-
nents have been calculated for finite temperatures keep-
ing the atomic positions undistorted to find ρflucxx (T ) and
fixed collinear orientations of all magnetic moments to
find ρvibxx (T ), respectively. The results for the AFM and
FM states are shown in Fig. 1(b), where again the FM
(AFM) state has also been considered below (above) the
(a)
(b)
FIG. 1. (a) Calculated longitudinal resistivity (closed cir-
cles - AFM state, open circles - FM state) in comparison
with experiment [2]. The dashed line represents the results
for Fe0.49Rh0.51, while the dash-dotted line gives results for
(Fe-Ni)0.49Rh0.51 with the Ni concentration x = 0.05 to sta-
bilize the FM state at low temperature). The inset represents
the relative magnetization of a Fe sub-lattice as a function
of temperature obtained from MC simulations. (b) electrical
resistivity calculated for the AFM (closed symbols) and FM
(open symbols) states accounting for all thermal scattering ef-
fects (circles) as well as effects of lattice vibrations (diamond)
and spin fluctuations (squares) separately. The inset shows
the temperature dependent longitudinal conductivity for the
AFM and FM states due to lattice vibrations only.
transition temperature Tm. For both magnetic states the
local moment fluctuations have a dominant impact on
the resistivity. One can also see that both components,
ρflucxx (T ) and ρ
vib
xx (T ), in the AFM state have a steeper
increase with temperature than those of the FM state.
The origin of this behavior can be clarified by refer-
ring to Mott’s model [29] with its distinction between
delocalized sp-electrons, which primarily determine the
transport properties owing to their high mobility, and
the more localized d-electrons. Accordingly, the conduc-
tivity should depend essentially on (see. e.g. [30]): (i)
the carrier (essentially sp-character) concentration n and
(ii) the relaxation time τ ∼ [V 2scattn(EF )]−1, where Vscatt
is the average scattering potential and n(EF ) the total
density of states at the Fermi level. This model has been
used, in particular, for qualitative discussions of the ori-
gin of the GMR effect in heterostructures consisting of
3magnetic layers separated by non-magnetic spacers. In
this case the GMR effect can be attributed to the spin
dependent scattering of conduction electrons which leads
to a dependence of the resistivities on the relative ori-
entation of magnetic layers, parallel or antiparallel, as-
suming the electronic structure of non-magnetic spacer
to be unchanged. These arguments, however, cannot be
straightforwardly applied to CsCl-structured FeRh, even
though it can be pictured as a layered system with one
atom thick layers, since the electronic structure of FeRh
shows strong modifications across the AFM-FM transi-
tion as discussed, for example, by Kobayashi et al. [11]
to explain the large MR effect in FeRh.
(a) (b)
(c) (d)
FIG. 2. Comparison of the temperature dependent densities
of states (DOS) for the FM and AFM states of FeRh for
T = 40 − −400 K : (a) Fe s-DOS, (b) Fe p-DOS, (c) Rh
s-DOS, and (d) Rh p-DOS.
We use the calculated density of states at the Fermi
level as a measure of the concentration of the conducting
electrons. The change of the carriers concentration at the
AFM-FM transition can therefore be seen from the mod-
ification of the sp-DOS at the Fermi level. The element-
projected spin-resolved sp-DOS (nsp(E)), calculated for
both FM and AFM states at different temperatures, is
shown in Fig. 2. At low temperature, for both Fe and
Rh sublattices, the sp-DOS at EF is higher in the FM
than in the AFM state, nFMsp (EF ) > n
AFM
sp (EF ). This
gives a first hint concerning the origin of the large dif-
ference between the FM- and AFM-conductivities in the
low temperature limit (see inset for σvibxx in Fig. 1(b)).
In this case the relaxation time τ is still long owing to
the low level of both lattice vibrations and spin fluctu-
ations which determines the scattering potential Vscatt.
For both magnetic states the decrease of the conductiv-
ity with rising temperature is caused by the increase of
scattering processes and consequent decrease of the re-
laxation time. At the same time, the conductivity differ-
ence, ∆σ(T ) = σvib,FMxx (T )− σvib,AFMxx (T ), reduces with
increase in temperature. This effect can partially be at-
tributed to the temperature dependent changes of the
electronic structure (disorder smearing of the electronic
states) reflected by changes in the density of states at
the Fermi level [28] (see Fig. 2). Despite this, up to the
transition temperature, T = Tm, the difference ∆σ(T ) is
rather pronounced leading to a significant change of the
resistivity at T = Tm.
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FIG. 3. (a) Bloch spectral function of FeRh calculated for
the AFM state at T = 300 K (a) and for the FM state re-
solved into majority spin (b) and minority spin (c) electron
components, calculated for T = 320 K. The finite width of
this features determine the electronic mean free paths.
4One has to stress that in calculating the contribution
of spin moment fluctuations to the resistivity, the dif-
ferent temperature dependent behavior of the magnetic
order in the FM and AFM states must be taken into ac-
count. This means, that at the critical point, T = Tm,
the smaller sublattice magnetization in the AFM state
describes a more pronounced magnetic disorder when
compared to the FM state which leads to both a smaller
relaxation time and shorter mean free path. The result
is a higher resistivity in the AFM state.
The different mean free path lengths in the FM and
AFM states at a given temperature can be analyzed using
the Bloch spectral function (BSF), AB(~k,E) [15], calcu-
lated for E = EF , since the electronic states at the Fermi
level give the contribution to the electrical conductivity.
For a system with thermally induced spin fluctuations
and lattice displacements the BSF has features with fi-
nite width from which the mean free path length of the
electrons can be inferred. Fig. 3 shows an intensity con-
tour plot for the BSF of FeRh averaged over local moment
configurations appropriate for the FM and AFM states
just above and just below the FM-AFM transition respec-
tively. Fig. 3(a) shows the AFM Bloch spectral function
whereas Figs. 3(b) and (c) show the sharper features of
the spin-polarized BSF of the FM state especially for
the minority spin states. This implies a longer electronic
mean free path in the FM state in comparison to that
in the AFM state which is consistent with the drop in
resistivity.
In particular concerning technical applications of
FeRh, it is interesting to study further temperature de-
pendent response properties. In Fig. 4(a) we show our
calculations of the total anomalous Hall resistivity for
FeRh in the FM state, represented by the off-diagonal
term ρxy of the resistivity tensor and compare it with
experimental data [11]. As the FM state is unstable in
pure FeRh at low temperatures, the measurements were
performed for (Fe0.965Ni0.035)Rh, for which the FM state
has been stabilized by Ni doping. The calculations have
been performed both, for the pure FeRh compound as
well as for FeRh with 5% Ni doping, (Fe0.95Ni0.05)Rh,
which theory finds to be ferromagnetically ordered down
to T =0 K. As can be seen the magnitude of ρxy(T )
increases in a more pronounced way for the undoped
system. Nevertheless, both results are in a rather good
agreement with experiment.
In addition to the temperature dependent transport
properties the inclusion of relativistic effects into the ab-
initio theory enables us to present results for the Gilbert
damping, which plays a crucial role for spin dynamics.
We have calculated this quantity taking into account all
temperature induced effects, i.e. spin fluctuations and
lattice vibrations [32, 33]. As one can see in Fig. 4(b), the
calculated results are in rather good agreement with the
experimental value (shown by diamond) α = 0.0012 ob-
tained for a thick film at T = 420 K [31] as well as new ex-
(a)
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FIG. 4. (a) The temperature dependence of the anomalous
Hall resistivity for the FM state of (Fe0.95Ni0.05)Rh in com-
parison with experimental data [11]; (b) Gilbert damping pa-
rameter as a function of temperature: theory accounting for
all thermal contributions (squares) in comparison with the
experimental results for thick-film system (50 nm) [31] (open
diamond) and for FeRh thin film deposited on MgO(001) sur-
face (up- and down-triangles). Up- and down-triangles rep-
resent data for a heating and cooling cycles, respectively (for
details see supplementary materials). The inset represents the
results for the individual sources for the Gilbert damping, i.e.,
lattice vibrations (circles) and spin fluctuations (diamonds).
The total α values calculated for FeRh crystal without (c)
and with tetragonal (t) distortions (c/a = 1.016) are shown
by open and closed squares, respectively.
perimental data for thin films [15]. The separate contri-
butions to the Gilbert damping due to spin fluctuations
and lattice vibrations are presented in the inset to Fig.
4(b) for a given temperature window again artificially ex-
tended to low temperatures. These results allow to iden-
tify the leading role of lattice vibrations (circles in the
inset to Fig. 4(b)) at high temperature region where the
electron spin-flip interband transitions are most respon-
sible for dissipation due to the magnetization dynamics.
In the low-temperature region, where the T -dependence
of α is determined by intraband spin-conserving scatter-
ing events, it stems dominantly from electron scattering
due to thermally induced spin-fluctuations (diamonds in
the inset to Fig. 4(b)).
The experimental data shown in Fig. 4(b)) by trian-
gles represent results for rather thin films (d = 25 nm)
5deposited on top of a MgO(001) substrate [15]. The FeRh
unit cell with a lattice constant
√
2 times smaller than
that of MgO, is rotated around z axis by 45o with respect
to the MgO cell. Because of this, a compressive strain in
the FeRh film occurs. As it follows from the experimen-
tal data [34], this implies a tetragonal distortion of the
FM FeRh unit cell with c/a = 1.016. Results of corre-
sponding calculations for α are given in the inset of Fig.
4(b) by full squares, demonstrating a rather weak effect
of this distortion. The smaller value of α compared to
experiment, has therfore to be attributed to the use of
bulk geometry instead of the experimental film geometry
with a corresponding impact on the damping parameter.
In summary, we have presented ab-initio calculations
for the finite temperature transport properties of the
FeRh compound. A steep increase of the electric resis-
tivity has been obtained for the AFM state leading to a
pronounced drop of resistivity at the AFM to FM transi-
tion temperature. This effect can be attributed partially
to the difference of the electronic structure of FeRh in the
FM and AFM states, as well as to a faster increase of the
amplitude of spin fluctuations caused by temperature in
the AFM state. Further calculated temperature depen-
dent response properties such as the AHE resistivity and
the Gilbert damping parameter for the FM system show
also good agreement with experimental data. This gives
additional confidence in the model used to account for
thermal lattice vibrations and spin fluctuations.
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